INTRODUCTION
============

According to the *International Diabetes Federation,*[@b1-cln_66p1615] diabetes mellitus (DM) is a great challenge for public health. Diabetes is a serious problem that is increasing worldwide, and estimates predict that 380 million people will be affected in 2025. Experimental research on diabetic neuropathy is usually carried out using genetic animal models or chemically induced diabetic animal models to provide information on the underlying mechanisms and to evaluate potential therapies, and both models have enhanced our understanding of the disease.[@b2-cln_66p1615]

Approximately 60 to 70% of people with diabetes present some neuropathy[@b3-cln_66p1615], and studies have estimated that 50 to 70% of all nontraumatic amputations in the USA are diabetic patients with neuropathy. Diabetic neuropathy may be classified as peripheral, autonomic, proximal, focal, or multifocal.[@b4-cln_66p1615] Diabetic peripheral neuropathy has been reported to be the most common neuropathy, and diabetic peripheral neuropathy leads to pain and sensitivity loss, which reduces life expectancy and increases health costs.[@b4-cln_66p1615],[@b6-cln_66p1615] One of the most elusive symptoms is pain, which is typically characterized by mechanical and thermal hyperalgesia or allodynia.[@b2-cln_66p1615] Common complaints include a constant burning discomfort, severe hyperesthesia, deep aching pain, stabbing or "electric shock"-like sensations and sensations in the lower limbs.[@b5-cln_66p1615]

Early prevention of diabetic neuropathy is necessary to avoid serious complications that can begin in the asymptomatic period of onset. Exercise is useful for lowering plasma glucose levels both during exercise and following exercise. In addition, exercise has been shown to increase insulin sensitivity. Skeletal muscles are the major site for metabolic fuel consumption in the resting state, and increased muscle activity during vigorous aerobic exercise greatly increases fuel requirements.[@b7-cln_66p1615] Studies in animal models have indicated a general improvement in the ability of diabetic animals to conduct and sustain chronic physical exercise, especially regarding the metabolism of energy substrates and secreting hormones.[@b8-cln_66p1615]

Gender differences have been evaluated in experimentally induced pain paradigms through diverse methods, including pressure, electrical, ischemic, and thermal chemical stimuli. According to a review published by Fillingim et al.,[@b9-cln_66p1615] females have a lower pain threshold than males, and evidence has shown that sexual hormones are involved in this process. Although the mechanisms involving the role of estrogen in pain perception are not entirely clear, changes in plasma estrogen levels can influence pain sensitivity by either decreasing or increasing excitability of nerve fibers and brain cells.[@b10-cln_66p1615] Taken together, these data support the difference between males and females regarding pain sensitivity and suggest that females exhibit greater sensitivity to painful stimulation.[@b9-cln_66p1615] Data regarding thermal sensitivity in diabetic female rats and the effects of exercise, however, are lacking; thus, the present study examined female rats.

Although previous studies have already examined the effects of physical exercise on pain sensitivity,[@b8-cln_66p1615] to the best of our knowledge, there is no evidence regarding the effects of physical exercise on pain sensitivity in diabetic female animals. Moreover, exercise training is a nonpharmacological and noninvasive treatment method. In addition, new data are always well received in both scientific and clinical practice. Therefore, this study was undertaken to evaluate the effects of swimming training on the thermal sensitivity of streptozotocin-induced diabetic female rats using a hot plate test.

METHODS
=======

Animals
-------

A total of 51 female Wistar rats (160-250 g) were used in the present study. The care and use of the animals followed the Guide for the Care and Use of Laboratory Animals from the National Institutes of Health (National Institutes of Health Publication No. 96-23, revised 1996) and was approved by the Ethics Committee in Research of the Faculdade de Medicina de Marília (protocol number 428/09). The rats were randomly distributed into four groups: normoglycemic sedentary (NS, n = 15), normoglycemic trained (NT, n = 16), hyperglycemic sedentary (HS, n = 9) and hyperglycemic trained (HT, n = 11). The rats were housed in plastic cages (3-4 rats/cage) under a 12-h dark--light cycle at 22°C and 60% air humidity with free access to water and rodent pellet chow. At the end of the experiment, the rats were sacrificed by CO~2~ exposure.

Streptozotocin-induced diabetes
-------------------------------

Diabetes was induced in the hyperglycemic groups by a single intraperitoneal (i.p) injection of streptozotocin (STZ, 50 mg/kg). The STZ was dissolved in a citrate buffer solution (0.1 mol/L citric acid, 0.1 mol/L sodium citrate, pH 4.5). Streptozotocin destroys pancreatic beta cells and induces hyperglycemia. In the normoglycemic groups, we applied a single injection of citrate buffer. Two days after STZ treatment, blood glucose levels were measured to confirm a hyperglycemic state. Blood was obtained from a small nick in the tail and measured with a glucometer (Optium Xceed). The hyperglycemic rats presented blood glucose levels ≥250 mg/100 mL. Plasma glucose levels in the normoglycemic animals remained normal for the duration of the study.[@b11-cln_66p1615],[@b14-cln_66p1615]

Exercise training protocol
--------------------------

Exercise training was performed in a swimming pool (112 cm×80 cm×50 cm) filled with tap water that was warmed to approximately 27°C, and the exercise intensity was progressively increased. In the first week, the rats swam for ten minutes every day. In the second week, the swimming time was increased each day until the animals could swim for 60 min while wearing a caudal dumbbell weighing 5% of their body weight (overload).[@b15-cln_66p1615] In each exercise session, eight to ten rats were placed together in the swimming pool to perform the exercise. During the exercise period, the normoglycemic groups were exposed to water stress for ten minutes, twice a week. This swimming protocol has previously been characterized as low to moderate intensity (with a long duration) based on improvements in muscle oxidative capacity.[@b15-cln_66p1615]

Hot plate test
--------------

One day after the end of the exercise training protocol period, a hot plate test was conducted as previously described.[@b16-cln_66p1615] This test measures the time that elapses before the rat demonstrates hind paw licking/shaking and jumping, which indicate pain in response to the applied heat. The hot plate was maintained at 50±1°C, and the animals were placed into a Perspex cylinder on the heated stage. Response latency was measured by recording the time between placement in the cylinder and shaking or licking the paws. The cut-off time was set at 35 seconds to minimize skin injury.

Statistical analysis
--------------------

We applied the Shapiro-Wilk test to verify the normality of the distributions. A two-way analysis of variance (ANOVA) was used to verify the differences between the normal distributions, and the Kruskal--Wallis test was used to assess differences between nonparametric distributions. The differences were considered significant when the probability of a Type I error was lower than 5% (*p*\<0.05).

RESULTS
=======

STZ-induced diabetic animals presented lower body mass values (HT: 219.8+29 g, HS: 217.8+23 g) compared with the normoglycemic animals (NT: 271+24 g, NS: 275.7+32 g; *p* = 0.0001).

[Figure 1](#f1-cln_66p1615){ref-type="fig"} shows that the rats in the STZ-induced diabetic groups (i.e., HS and HT) presented higher blood glucose levels than the normoglycemic rats. [Figure 2](#f2-cln_66p1615){ref-type="fig"} shows that the exercise training protocol influenced the response latency in the HT group. Indeed, the response latency in the HT group was higher than the response latency in the HS group.

DISCUSSION
==========

The aim of the present study was to evaluate the effects of swimming on thermal sensitivity in STZ-induced diabetic female rats. We observed that the HS rats had the lowest latency time of the four groups of rats. Our data suggested that swimming attenuates the hyperalgesia caused by acute hyperglycemia in STZ-induced diabetic rats.

Chronic hyperglycemia is an important factor that can trigger many complications. Previous studies have suggested that attenuation of chronic hyperglycemia may slow or even prevent microvascular and macrovascular complications, such as retinopathy, nephropathy and neuropathies.[@b8-cln_66p1615] Although the pathogenesis of diabetic neuropathy is multifactorial, increased blood glucose levels are likely the major factor. Moreover, acute hyperglycemia is followed by hyperalgesia, whereas chronic hyperglycemia is followed by hypoalgesia due to impairment of the peripheral neurons.[@b17-cln_66p1615]

Previous studies have evaluated the effects of exercise on diabetic nerve regeneration.[@b18-cln_66p1615] Selagzi and colleagues[@b19-cln_66p1615] investigated the effects of swimming training on diabetic peripheral neuropathy development in STZ-induced diabetic male rats. Similar to our findings, they observed that the swimming exercise protocol did not influence blood glucose levels; however, the exercise restored body weight, compound muscle action potential amplitude and potential latency, which are parameters that define motor dysfunction in diabetic animals. In addition, Cunha et al.[@b20-cln_66p1615] observed that STZ induces mechanical hypernociception, which does not depend on hyperglycemia. Our findings revealed new aspects on how exercise influences diabetic rats. Unlike previous studies, we evaluated female rats and thermal sensitivity rather than motor dysfunction. Furthermore, we found that swimming training improved acute hyperalgesia without influencing blood glucose levels.

Some hypotheses may be raised regarding the observed effects of swimming on thermal sensitivity. Because studies have shown that hypernociception does not depend on a hyperglycemic state,[@b20-cln_66p1615] we believe that exercise training attenuates hyperalgesia via mechanisms that are not related to a decrease in blood glucose levels. Koltyn et al.[@b21-cln_66p1615] indicated that the increase in endogenous opioid levels induced by exercise may lead to a feedback inhibition of acute pain in peripheral, spinal and supraspinal neurons. In addition, Stagg and colleagues[@b22-cln_66p1615] reported that aerobic exercise increased the endogenous opioid concentration in brainstem regions involved in pain regulation and decreased neuropathic pain in a rat neuropathic pain model. It is also plausible that the antioxidant effects of chronic exercise[@b23-cln_66p1615] attenuated the acute hyperalgesia caused by the hyperglycemic-induced nerve injuries; however, the present study did not measure the antioxidant or pro-oxidant enzyme activities.

The hot plate test was applied 24 h after the last swimming protocol. Therefore, our data could also be the result of an acute effect of the last exercise training because thermal sensation usually increases during exercise.[@b24-cln_66p1615] Furthermore, we speculated that short-term influences on thermal sensation were due to increases in local skin and brain temperatures. A previous investigation suggested that high brain temperature influences the functions related to the nervous system (alertness, contentment, calmness, and thermal comfort).[@b25-cln_66p1615] Nonetheless, the literature is unclear on the influence of body temperature on perception.[@b26-cln_66p1615] Future studies should be performed to investigate the acute effects of exercise during hot plate testing of STZ-induced diabetic animals.

The data from our study indicate that swimming exercise (mild to moderate) is able to reduce thermal hyperalgesia in STZ-induced hyperglycemic female rats. These findings corroborate the results of Bento-Silva et al.,[@b27-cln_66p1615] which demonstrated that low-intensity swimming exercise decreases the nociception induced by thermal and chemical stimulus after exercise; however, their methodology was different with respect to the intensity, the duration of exercise and the duration of painful stimuli. Moreover, Kuphal et al.[@b28-cln_66p1615] demonstrated that swimming reduces hyperalgesia induced by intraplantar injection of formalin-induced partial injury in rodent peripheral nerves. Therefore, the difference between our study and Bento-Silva et al. study,[@b27-cln_66p1615] suggests us to be careful in interpreting our findings.

Unlike our results for the normoglycemic groups (i.e., swimming did not affect the latency during the hot plate test), Mazzardo-Martins et al.[@b29-cln_66p1615] found that high-intensity swimming reduced acute pain stimulated by intraperitoneal injection of acetic acid (chemical noxious stimulus) in normoglycemic rats. It is believed that the method used to analyze pain sensitivity may influence this result because Koltyn et al.[@b21-cln_66p1615] indicated that the antinociceptive effect of exercise is more consistently found in studies using electrical or pressure stimulation compared with studies that used temperature to produce pain. Interestingly, the effects of exercise on pain sensitivity are not consistent in the literature, and the controversies seem to be related to different methodologies. Indeed, there are differences in the type, intensity and duration of exercise beyond the pain stimulus protocol.[@b30-cln_66p1615] Furthermore, the antinociceptive effect of exercise is likely short term, assuming the absence of a difference in the normoglycemic groups, in which the effect was observed 24 h after the last day of physical exercise.

Except for strict control of the blood glucose level, there are few effective ways to influence or delay the natural progression of diabetic neuropathy because of the limitations of current drug therapies. Despite the challenges ahead, the future promises more effective treatments for diabetes and its complications with an aim toward improving patients\' quality of life. The present study showed that a swimming exercise protocol influences the thermal nociceptive stimulus in STZ-induced diabetic female rats by attenuating the hyperalgesia caused by the hyperglycemic state. We suggest that exercise provides protection against diabetic neuropathy in rats as a result of multiple mechanisms and provides a means of avoiding the potential deterioration of diabetic neuropathy.

The majority of the data examining the effects of exercise on STZ-induced diabetic animals come from male animals. The reason for this is that the pathogenetic mechanisms in males are not influenced by fluctuations in hormonal activity.[@b31-cln_66p1615] Interestingly, no study has shown that exercise training can improve acute hyperalgesia in STZ-induced diabetic female rats, and it is still unclear if molecular mechanisms in different genders can be influenced by hormones to improve diabetic neuropathy in exercising rats. The molecular mechanisms underlying the different findings of the present study in female rats require further investigation.

There were several issues in the present study that warranted discussion. First, we did not confirm the involvement of peripheral neurons affected by hyperglycemia. Second, although we observed that exercise attenuated acute hyperalgesia in STZ-induced diabetic female rats, which is a feature of early diabetic neuropathy, we should be careful in extrapolating our data to humans with diabetic neuropathy. Third, we did not measure any parameters to determine whether the rats were effectively trained, such as resting bradycardia or citrate synthase enzyme activity. We controlled training progression by starting with ten minutes of exercise a day for the first week. In the second week, the session times were increased by ten minutes per day until they reached 60 minutes, at which point the rats wore caudal dumbbells weighing 5% of their body weight. Throughout the sessions, the examiner observed the rats to ensure that they were swimming. This is an accepted training protocol in the literature.[@b13-cln_66p1615],[@b32-cln_66p1615],[@b34-cln_66p1615] Finally, because the hot plate test was performed one day after the end of training, the findings could be the result of the acute effects of the last exercise session. Nevertheless, if the animals were tested one week or more after the last exercise session, the effects of two months of exercise training could still be partially restored.

In conclusion, low to moderate swimming training for a long duration in STZ-induced diabetic female rats attenuates thermal hyperalgesia in a hot plate test.
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